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Abstract 

Recent and fossil otoliths from 25 differ 

f 

nt fishes have been studied for their 
amino acid content and for their C13/C12 and 018/016 distribution in the carbonate 
fraction. The selection includes specimens from a wide phylogenetic rcqgenas well 
as from various fresh water and marine habitats. 

A l l  otoliths are composed of aragonite, and their total organic matter ranges 
from 0.2 to 10 percent. The organic matter i s  a protein (MW > 150,000), which i s  
characterized by a high abundance of acidic amino acids. 
that exhibit a wide variety of different mineralized tissues which are species specific, 
the proteinaceous matter of a I I otol iths i s  chemica I l y  rather uniform. 

In comparison to molluscs 

The high abundance of oxygen-rich amino acids accounts for the ease of 
mineralization of the organic template. Namely, oxygen supplied by carboxyl groups 
i s  used for the coordination of Ca* ions, resulting in the formation of metal ion 
coordination polyhedra. Carbonate groups I inked via hydrogen bridges to the template 
wi l l  exchange their oxygen with that of the metal polyhedra to stabilize the structure; 
Ca*Og polyhedra are the consequence. Subsequent nucleation and crysta I growth 
wi l l  lead to aragonite. 

Oxygen and carbon isotope data indicate that the aragonite is  formed close to isotopic 
equilibrium with the sea. This i s  surprising because sea water has no direct access to 
the inner ear where the otolith originates. 
(1) to determine the mean water temperature where the fish lived, (2) to 
distinguish between fresh water and marine fish in  ancient deposits, and (3) to reveal 
information on migratory tendencies of fish. 

Isotope data may serve a threefold purpose: 
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Introduction 

Collagen and phosphates are the principal constituents of vertebrate bones, 

scales, and teeth. The structural interrelationship between the organic and inorganic 

phase suggests that collagen acts as a template in  the nucleation of apatite crystals 

(e.g. - , Glimcher, 1960). 

otoliths in  their inner ear (Figs. 1 and 2). These are small carbonate stones,..a'few 

milligrams to grams by weight, which morphologically and sizewise are species 

In addition to bones, scales, and teeth, fishes deposit 

specific (e. - g., Sam-Echevet-rh, 11949). Little i s  known, however, regarding their 

mode of formation, chemical nature, and physiologica I function. 

As part of a program on origin and evolution of mineralized tissues, we 

collected a series of 25 otoliths of fishes of wide phylogenetic range from fresh 

water and marine habitats. One fossil otolith of Miocene age! (ca. - 25 million years) 

was included in  the selection in order to study diagenetic effects. 

The present work i s  principally concerned with 

(a) mineralization processes leading to otoliths , 

(b) phylogenetic implications i n  terms of evolutionary trends, and 

(c) the possible physiological significance of otoliths -- per se. 

A wide array of analytical tools was employed including X-ray diffraction 

ana lysis, optica I microscopy, electron microscopy, various chromatographic 

techniques for the identification of organic matter contained in  otoliths, and stable 

isotope mass spectrometry. 
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Resu I t s  

X-ray diffraction data indicate that a l l  specimens are monomineralic and 

composed of aragonite. This i s  also true for the Miocene teleost otolith. This 

contrasts the observation of Devereux (1967) who reports only calcite from a 

number of otoliths from the Australian region and from fossil deposits. Yet, his 

specimens are related at the family level to some of the Atlantic otolith samples 

reported here. 

Thin sections parallel and perpendicular to the lenticular faces (Figs. 3 

and 4) reveal dark brown bands that run approximately parallel to the outer 

surface of the otolith, They represent growth rings of apparently organic material. 

The aragonite crystals are oriented with their - c axis perpendicular to the bands 

or their projected surfaces, respectively. They run from the center to the margin 

of the otolith without being physically interrupted by the band pattern. As a general 

rule the spacing of the concentric rings that can be resolved by optical microscopy 

widens towards the margin. 

otoliths when compared to the smailer varieties. A band pattern of this kind i s  

analogous to that observed in  fish scales. This feature i s  commonly interpreted to 

represent annual or seasonal growth rings which allow the age dating of fish. 

In addition, the frequency of bands i s  less for larger 

A set of electron micrographs delineates in  detail the fabric of the otoliths. 

Rather striking i s  (a) the intergrowth of aragonite fibrils giving rise to a zig-zag 

pattern (Fig. 5), and (b) the twinning of individual crystals (Fig. 6). In both 

pictures the incremental growth along the - c axis i s  well documented. As a 
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conservative estimate, three to five growth interruptions per micron are observed for 

Aplidonotus (Fig. 5) ,  whereas ten to fifteen interruptions per micron occur with 

Roccus (Fig. 6). The Aplidonotus otolith i s  about three times the size of that of 

Roccus; the same relations exist for the individual aragonite needles which measure 

between 2 and 4 millimeters for Aplidonotus. 

composed of about 5,000 to 10,000 individual growth segments. 

In turn, each aragonite crystal i s  

bnds transverse to - c as well as the twinning of aragonite can be recognized 

in Figure 7. These bands have the appearance of sutures, but they do not interfere with 

the oriented growth of the single crystals. The bands are spaced a few microns 

apart, and the general position of the micrograph i s  close to the center of the otolith. 

As can be judged from the shadow pattern (Fig. 8), a section perpendicular to - c 

exposes the surface of the bands. The bands must represent rather thin films 

because the structural pattern of the aragonite needles can s t i l l  be recognized beneath 

the outer rim of the upper band which actually i s  flapped over. Also note the 

virtual disappearance of the lower band when approaching the margin of the picture 

due to the less favorable breaking and separation of the aragonite bundles during the 

preparation of the specimen. 

The following two electron micrographs (Figs. 9 and 10) show the surface of 

the organic template in  great detail. Again the aragonite structure shines through 

the organic f i l m  (Fig. 9; lower right corner) and the growth pattern of the organic 

matrix becomes evident. The fibrous material i s  oriented in a kind of corrugated 

pattern with well defined lineages and the individual chains are organized in  a 

helical fashion. At certain intervals, the chains are twisted to such an extent that 
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r lumps or knots of "apparently tangled" fibers appear about 0.1 to 0.3 p apart. 

The cross section of an individual fiber which measures about 100 a shows an 

internal structure; the resolution of this picture, however, i s  not sufficient to 

permit a further elaboration as to the nature of this structure. Magnifications up 

to 750,000 times have been made which reveal ultra structures at  the 20 1 level 

(in preparation). 

The organic template in  otoliths i s  a protein with a molecular weight greater 

than 150,000 as ascertained by molecular sieve techniques. A urea/hydroxyIamine 

treatment (Degens et al., 1967a) wi l l  degrade the proteins to units of 70,000 to 

80,000 MW. The amino acid analysis, following a technique by Degens et a l .  

(1967b), i s  rather uniform for a l l  otoliths investigated (Table l), and the urea/ 

hydroxylamine treated fraction has an identical amino acid distribution as the 

undegraded material. It i s  concluded that we are dealing with a new type of 

- 
- 

fibrous protein which has not been previously described. This protein i s  characterized 

by the high abundance of aspartic and glutamic acids, the presence of cystine and 

hydroxyproline and a low content in aromatic and basic amino acids. The total yield 

in organic matter fluctuates strongly among otoliths from different species with a 

range between 0.2 and 10 percent of the total. 

thickness of otoliths (Sanz-Echeverria, ,1949, the specimens that contain the highest 

amount of organic matter are generally the smallest or thinnest. 

If weight i s  used as a measure of size and 

The distribution of carbon and oxygen isotopes in the carbonate material i s  

similar to that commonly observed in marine and fresh water shell materials, for 
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instance, in molluscs, foraminifera, and coccoliths. The data (Table 2) are reported 

in terms of per m i l  deviation relative to the PDB stundard-CCraig, 1957): 

6 ~ 1 3  =(R - -1) 1,000 
R standard 

where R = Cl3/c l2  ratio in  the sample, and Rstandard = C13/C12 ratio in the 

standard. 6018 i s  defined similarly in  terms of 018/016 ratio. 

The most interesting aspect of the isotope data are the SC13 values which 

show a certain environmental (fresh water versus marine) and phylogenetic trend. 

In any event, however, most of the carbon laid down as carbonate has been derived 

from sea water or fresh water bicarbonate and not -- as was init ially expected on 

biological grounds -- from respiratory CO 

carbonate i s  deposited in  isotopic equilibrium with i t s  surrounding environment 

which in turn permits the calculation of the average water temperature at which 

the fish lived, as has already been stated by Devereux (1967). 

Analogously, the oxygen in the 2' 

Discussion and Conclusions 

In contrast to invertebrates with their species-specific she1 I organic matrix 

(Degens - et al., 1967b), fishes secrete a distinct but uniform protein for the otolith 

formation. In this way they follow the same conservative pattern set by collagen 

with respect to bone, scale, or denfine deposition. Nevertheless, a certain spread 

in the concentration of amino acids can be recognized (Table 1) which particularly 

concerns hydroxyproline, proline, serine, and the acidic amino acids, However, these 
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variations can be considered minor in  view of the wide phylogenetic and 

environmental range of the otolith specimens studied (Fig. 11). This characteristic 

i s  somewhat comparable to collagen where the amino acid distribution also varies 

within certain limits among species of wide phylogenetic range (Table 3). 

In summary, the high-molecular-weight fibrous protein ( > 150, QOO MW) 

in otoliths i s  not affected at the molecular level by environmental or phylogenetic 

events. It i s  uniform in composition and structurally well-defined. To emphasize 

i t s  functional and structural significance in the formation of otoliths, the term 

otolin i s  proposed for this protein. 

Chemically, otolin resembles keratin in the relative abundances of threonine, 

glycine, valine, methionine, the leucines, lysine and histidine. The presence of 

cystine underlines this relationship. It shares with collagen the presence of 

hydroxyproline, the low abundance of aroma,tic amino acids, and about the same 

level in alanine, serine, lysine and histidine. The low content in basic amino 

acids, in particular arginine, i s  noteworthy. Actually, the small amount in  basic 

amimo acids i s  a general feature of a l l  fibrous proteins. 

This type of relationship may suggest that a l l  fibrous proteins have a common 

ancestor. To test this assumption a l l  codon assignments for an individual amino 

acid were given equal weight. To find common denominators for the various 

fibrous proteins, a computer program was worked out (Spencer and Degens, 1969). 

The solution involved codon-anticodon relationships and the base substitution one 

at a time. For example, the substitution of CII codons in the glycine triplets 
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(i.e. - guanine vs. adenine) wi l l  result in the formation of the aspartic acid (GAU 

and GAC) and glutamic acid (GAA and GAG) codon assignments. Interestingly, 

the sum of glutamic acid, aspartic acid and glycine i s  about the same for otolin 

and collagen. 

the anticodons for aspartic and glutamic acid wi l l  yield four of the leucine triplets. 

Glycine and proline (+hydroxyproline), and the acidic amino acids and leucine 

appear to go along in both collagen and otolin. There are, of course, many 

thousands of different solutions conceivable; yet the computer program will select 

the most probable ones and discriminate against the others. 

The actual mineralization of otolin i s  a dual process: 

In the first place, metal ions become coordinated to oxygens displayed at the 

If we take the anticodons of glycine, the assignments read proline; 

surface of otolin. Like hydrogen bonds, these metal ion bridges give the protein 

a higher biocrystallographical order by forming metal ion coordination polyhedra 

(Matheja and Degens, 1968). The high abundance of oxygen functions wi l l  promote 

the formation of Ca*09 polyhedra. Bicarbonate can be linked via hydrogen 

bridges to a number of amino acids. 

In the second place, oxygen substitution at  the polyhedra wi l l  take place 

allowing the oxygens of the bicarbonate to participate in the polyhedra structure. 

This wi l l  result in a more- stable conformation and nucleation i s  initiated. Inasmuch 

as Ca*Og polyhedra and not Ca*Og polyhedra are present, aragonite and not 

calcite wi l l  be the mineral form. 

The incremental growth pattern of the aragonite (Figs. 5 and 6) could be 

explained i f  we assume that nucleation sites of calcite (Ca*06) sporadically 
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interfere with aragonite growth. No indication for the presence even a€ traces of 

calcite can be found on the X-ray diagrams. The observation of Morris and 

Kittleman (1967) concerning the presence of sodium i n  otoliths in concentrations 

of about 2 mole percent relative to calcium (= 100) i s  rather significant. A t  this 

scale, isomorphous substitution of sodium for calcium in  aragonite i s  rather 

unlikely. Morris and Kittleman (1967) tentatively suggested the presence of 

minerals such as shortite Na2Ca$(C03)3.or pirssonite NazCa(C03)~ * 2 H20. 

Both minerals are orthorhombic, as i s  aragonite. Wedge-shaped crystals are the 

‘typical habitus of shortite. 

X-ray diffraction analysis shows no reflections at the proper spacings for 

shortite and pirssonite except for peaks that coincide with aragonite. However, 

to be detected by this technique, mineral concentrations of a few percent are 

required. Inasmuch as sodium does not proxy for calcium in the aragonite lattice 

at the level found in otoliths, it can only be accounted for as a trace mineral unless 

we assume that sodium occupies coordination si tes within the organic matter causing 

the formation of oxygen coordination polyhedra. 

wi l l  interfere with the growth of aragonite and epitaxial growths of the type observed 

in some of the elextronmicrographs are the consequence. We suspect that, in some 

way, the Ca/Na ratio of otoliths i s  related to the number of wedges in the aragonite 

crystals, the total organic matter, and the weight and size of the otolith. 

In both instances sodium ions 

The interpretation of the stable isotope data requires a reassessment of the 

biological record. The inner ear of sharks i s  open to the sea whereas the inner ear 
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of bony fishes forms a closed membranous labyrinth fi l led with endolymph (Fig. 1). 

Yet, the carbon isotope pattern of the aragonites in marine otoliths clearly indicates that 

most if not a l l  carbon i s  directly derived from sea water bicarbonate. 

C 0 2  has a 6C13 near that of most marine organisms (-15 to -20 per mil). We thus 

have to assume that sea water can enter freely, or via permeable membranes, 

the inner ear canals and deposit calcium carbonate in the form of otoliths. In those 

instances where the 6C13 values are slightly negative, for instance, in Ariomma or 

Nomeus, small contributions of respiratory C 0 2  might be anticipated. 

to note (Table 2) that certain phylogenetic trends become apparent. A l l  marine 

Paracanthopterygii have 6C13 values like sea water bicarbonate. In contrast, the 

highly advanced marine Acanthopterygii have a range in 6C13 between -4 and -5 

per m i l .  The most l ikely explanation for the phylogenetic differences in 6C13 i s  

probably related to the more effective passage of sea water bicarbonate into the 

inner ear of the Paracanthopterygii in compraison to the highly evolved Acanthopterygii. 

As a consequence, contrihutions from respiratory C 0 2  may play a more important 

role in  the case of the Acanthopterygii. Perhaps the larger size of Paracanthopterygii 

otoliths and their low organic matter content i s  a reflection of this phenomenon. The 

fresh water forms are depleted in C13 by about 10 per m i l  which corresponds exactly 

to the mean difference in  6C13 between fresh water and marine dissolved carbonate. 

Respiratory 

It i s  interesting 

.. 

.. 

The oxygen in  marine otoliths i s  deposited in  isotopic equilibrium with the 

sea. This allows the determination of the water temperature at which the fish lived. 

There i s  good agreement between the calculated isotopic temperature and the water 
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temperature at the time the fish was collected. Anaiogously, fresh water otoliths 

are deposited in  isotopic equilibrium with river or lake waters which commonly 

are about 10 per m i l  depleted in  0l8 relative to the ocean. Phis feature may 

be used to determine migratory tendencies of fish. For instance, in the present 

set of samples Osmerus i s  known to enter fresh water habitats. 

(Table 2) i s  slightly lower than one would expect i f  Osmerus had deposited i t s  

otoliths exclusively i n  a marine environment; but more data are required to 

substantiate this relationship. 

I t s  6018 

Questions on the physiological function of otol iths have recently been touched 

upon by Morris and Kittleman (1967). The fact that otoliths exhibit piezoelectric 

properties suggested to them that here, in theory, a mechanism for depth perception 

or frequency analysis of sound waves i s  conceivable. The Parophrys otolith 

oscillated from as low as 1 to 15,800 cycle/sec. Multicrystalline structures, 

such as bones, show piezoelectric effects (Shamos - et al., 1963); so do soft 

biological tissues (Shamos and Lavine, 1967). Among the piezoelectric minerals 

that respond to hydrostatic pressure and compression and torsion are shortite and 

pirssonite (Giebe and Scheibe, 1925). 

In conclusion., the epitaxial relationships between organic matter and minerals 

and the wedge-shaped pattern of the aragonite crystals in otoliths suggest that this 

fabric functions as a piezoelectric body and that this property i s  used by fishes in 

the manner suggested by Morris and Kittleman (1967). 

Diagenesk leaves a significant imprint on the organic matter of otoliths. 

The marine teleost otolith of Miocene age i s  morphologically similar to Gadus 
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and Melanogramus. The total organic matter i n  the Miocene specimen, however, 

i s  only about a third to a fourth that of i t s  suggested recent counterpart. Best 

preserved among the amino acids are alanine, cystine, proline, valine and glutamic 

acid, whereas aspartic acid, serine, threonine and hydroxyproline have suffered 

the greatest losses (Table 1). This phenomenon i s  a result of the structural organiza- 

tion of otolin which contains a stable core of selected amino acids among which 

alanine and cystine are the most outstanding members. The band pcittern and the 

orientation of the aragonite fibrils i s  s t i l l  intact. The stable isotope distribution 

(Sol8 = +2.5 and SC13 = +0.4 per mi l )  i s  preserved indicating that the fish lived 

at water temperatures of around 7°C. 

Summary 

1. Otoliths are mineralogically composed of aragonite. The aragonite fibrils 

are arranged with their long axis about perpendicular to the outer margin of the 

otoliths. Bands of organic matter intersect the aragonite fibrils transverse to - c; 

the spacing of the bands narrows towards the center of the otoliths. 

2. The interrelationship between organic and inorganic matter indicates that the 

aragonite-is formed by epitaxial growth on a protein matrix. Metal ions become 

coordinated to the oxygen functions displayed on the organic tissue, resulting in 

the formation of metal ion coordination polyhedra, and bicarbonate becomes 

linked via hydrogen bridges to amino acids. Subsequent exchange of bicarbonate 

oxygen for metal ion polyhedra oxygen wi l l  stabilize the structure and introduce 
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the nucleation of mineral seeds. Inasmuch as Ca*09 polyhedra are involved, 

the mineral form wi l l  be aragonite. 

3. The mineralized tissue, is , a fibrous protein with a molecular weight exceeding 

150,000. The amino acid composition i s  biochemically unique and not affected by 

phylogenetic and environmental events. The term otolin i s  proposed for this new 

kind of protein. 

4. The variation of total organic matter and the stable isotope distribution in  the 

aragonite can be used as phylogenetic and environmental criteria to distinguish, 

for example, between fresh water and marine species, to determine migratory 

tendencies, or to measure the mean temperaturk. at which the fish lived. 

5. The compositional variation of otoliths in  combination with their ultrastructure 

suggests that otoliths may function as piezoelectric body for the recording of depth 

and sound. 
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Figure 1 

Diagrammatic drawing of the skull of bony fishes with special reference to the location 
of otoliths in the inner ear. 
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Figure 2 

Drawings of three representative otoliths. 
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Figure 3 

* Otolith thin-section of Roccus lineatus approximately parallel to the lenticular faces. 



Figure 4 

Otolith thin-section of Roccus lineatus approximately parallel to the lenticular faces. 
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Figure 5 

Electronmicrograph of otolith of Aplodinotus grunniens (platinum-carbon replica). 



I 

. 

Figure 6 

Electronmicrograph of otolith of Roccus lineatus (platinum-carbon replica). 
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Figure 7 

Electronmicrograph of otolith of Roccus lineatus (platinum-carbon replica). 



Figure 8 

Electronmicrograph of otolith of Aplidonotus grunniens (platinum-carbon replica). 
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Figure 9 

Electronmicrograph of otolith of Aplidonotus grunniens showing the surface structure 
of the mineralized tissue (platinum-carbon replica). 
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Figure 10 

Electronmicrograph of otolith of Aplidonotus grunniens. The protein chains are coiled 
in a systematic fashion and some structural details of the individual chains are revealed 
(platinum-carbon rep1 ica). 
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Figure 1 1  

Phylogenetic relationships among species studied in the present report (after 
Greenwood - et al.,  1966). 


